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Tyrosine Phosphorylation of DNA Binding Proteins
by Multiple Cytokines

Andrew C. Larner, Michael David, Gerald M. Feldman,
Ken-ichi Igarashi, Rebecca H. Hackett, Deborah S. A. Webb,
Sharon M. Sweitzer, Emanuel F. Petricoin Ill, David S. Finbloom

Interferon-a (IFN-a) and IFN-y regulate gene expression by tyrosine phosphorylation of
several transcription factors that have the 91-kilodalton (p91) protein of interferon-stimu-
lated gene factor-3 (ISGF-3) as a common component. Interferon-activated protein com-
plexes bind enhancers present in the promoters of early response genes such as the
high-affinity Fcy receptor gene (FcyRl). Treatment of human peripheral blood monocytes
or basophils with interleukin-3 (IL-3), IL-5, IL-10, or granulocyte-macrophage colony-
stimulating factor (GM-CSF) activated DNA binding proteins that recognized the IFN-y
response region (GRR) located in the promoter of the FcyRI gene. Although tyrosine
phosphorylation was required for the assembly of each of these GRR binding complexes,
only those formed as a result of treatment with IFN-y or IL-10 contained p91. Instead,
complexes activated by IL-3 or GM-CSF contained a tyrosine-phosphorylated protein of
80 kilodaltons. Induction of FcyRI RNA occurred only with IFN-y and IL-10, whereas
pretreatment of cells with GM-CSF or IL-3 inhibited IFN-y induction of FcyRI RNA. Thus,
several cytokines other than interferons can activate putative transcription factors by

tyrosine phosphorylation.

Nuclear or whole-cell extracts prepared
from human monocytes incubated with ei-
ther IFN-y or IFN-a contain a protein or
proteins (FcRFy) that specifically recognize
the GRR in the promoter of the high-
affinity immunoglobulin G Fec receptor gene
(I-3). Within the FcRFy complex is a
91-kD tyrosine-phosphorylated protein that
is a component of the ISGF-3 transcription
complex, which causes IFN-a-stimulated
expression of early response genes (2—4).
Because the peripheral blood monocyte is a
critical target cell for IFN-«, IFN-y, and
other cytokines, experiments were done to
determine whether any cytokines other
than the interferons might induce the for-
mation of FcRFy. Whole-cell extracts were
prepared from monocytes incubated with
various cytokines for 15 min at 37°C and
analyzed by electrophoretic mobility—shift
assays (EMSAs) with a 3?P-labeled oligonu-
cleotide corresponding to the GRR (Fig.
1A) (5). Untreated cells showed no forma-
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tion of FcRFy, whereas extracts prepared
from monocytes treated with IL-3 or GM-
CSF contained GRR binding complexes
that migrated with a mobility different than
that of the FcRFy (Fig. 1A) complex ob-
served after [FN-y activation. In contrast,
IL-10 activated the formation of a GRR
binding complex with a mobility similar to
that of FcRFy. Other cytokines that have
effects on monocytes—IL-1, IL-2, IL-6,
tumor necrosis factor (TNF), monocyte
colony-stimulating factor (M-CSF), and li-
popolysaccharide—showed no formation of
GRR binding complexes.

Binding of FcRFy and the complexes
activated by GM-CSF treatment of mono-
cytes was inhibited by addition of excess
unlabeled GRR (Fig. 1B), but not by addi-
tion of an unlabeled oligonucleotide corre-
sponding to the IFN-y activation sequence
(GAS) within the promoter of the guanyl-
ate-binding protein gene (Fig. 1B) (6). The
complexes induced by treatment of mono-
cytes with IL-3 and IL-10 showed similar
binding specificities (7). When the GAS

oligonucleotide was used as a probe, only



Fig. 1. Activation of GRR binding complexes by IFN-y,
IL-3, IL-5, IL-10, and GM-CSF. (A) Electrophoretic mo-
bility—shift assays with a 32P-labeled GRR probe and
whole-cell extracts. Human monocytes and basophils
were purified by leukaphoresis of normal volunteers
followed by Ficoll-Hypague sedimentation and counter-
current centrifugal elutriation (7). Monocytes were then
-incubated with recombinant human IFN-y (10 ng/ml;
Genentech), recombinant human IL-1 (100 ng/ml; Ot-
suka), recombinant human IL-2 (1 wg/ml; Chiron), re-
combinant human IL-3 (50 ng/ml; Amgen), recombinant
human IL-5 (50 ng/ml; Genzyme), recombinant human
IL-6 (100 U/ml; gift of G. Tosato), recombinant human
IL-10 (50 ng/ml; Schering-Plough), recombinant human
GM-CSF (30 ng/ml; Schering-Plough), recombinant hu-
man M-CSF (100 ng/ml; Genetics Institute), recombi-
nant human TNF-a (10 ng/ml; Genentech), recombinant
human TGF-8 (10 ng/ml; Genzyme), or lipopolysaccha-
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ride (0.25 pg/ml; Sigma) for 15 min at 37°C. Cell extracts were assayed for
GRR binding proteins by EMSA with a 32P-labeled oligonucleotide probe
[5'-AGCATGTTTCAAGGATTTGAGATGTATTTCCCAGAAAAG-3' and its
complement (7)] corresponding to the GRR of the human high-affinity Fcy
receptor gene. The arrows indicating the FCRFy complexes are intended

extracts prepared from cells treated with
IFN-y or IL-10 showed the IFN-y activa-
tion factor (GAF) transcription complex
(7). The IFN-y-induced GAF complex
contains tyrosine-phosphorylated p91 (8).

Because the GM-CSF, IL-3, and the
IL-5 receptor use a common B subunit for
transmembrane signal transduction (9), we
determined whether IL-5 might also acti-
vate the formation of a complex that bound
to the GRR. Peripheral blood basophils
were treated with either IFN-y or IL-5 (Fig.
1A). IL-5 treatment resulted in formation
of a GRR binding complex that migrated
more slowly than FcRFy (Fig. 1A). Unla-
beled GRR, but not the GAS oligonucleo-
tide, also competed for binding of the IL-
5—inducible shift complex (7).

The ISGF-3, GAF, and FcRFy tran-
scription complexes contain the tyrosine-
phosphorylated protein p91 (24, 8, 10,
11). To determine whether the complexes
induced by GM-CSF, IL-3, IL-5, or IL-10
also contained p91, we did EMSAs after
treatment of extracts with an antibody to
p91 (anti-p91) (Fig. 2A). Whereas the
GRR binding complex present in extracts
prepared from IFN-y— or IL-10-treated
monocytes was supershifted, those com-
plexes activated by treatment with the oth-
er cytokines were unchanged and therefore
were not recognized by anti-p91. An anti-
body to the 113-kD component of ISGF-3
did not form supershifted complexes with
any of the GRR binding proteins.

IFN-vy treatment of monocytes resulted in
increased concentrations of FcyRI RNA (I).
Ribonuclease protection assays were done to
determine whether any of the other cyto-
kines that activated the formation of GRR
binding complexes might induce FcyRI
RNA (Fig. 2B). Other than IFN-y, only
IL-10 increased expression of FcyRI RNA.

6) (6).

Therefore, only those cytokines that activate
GRR binding complexes that contain p91 are
capable of enhancing FcyRI RNA. Because
GM-CSF and IL-3 did not induce FcyRI
RNA, we pretreated monocytes with these

Fig. 2. Composition of the cytokine- A
induced DNA binding complexes.
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only for lane 2. Lanes 5, 7, 8, and 15 represent the shifted complexes
activated by the respective cytokine. (B) IFN-y— (lanes 1 to 3) and
GM-CSF-induced (lanes 4 to 6) GRR binding complexes formed in the
presence of excess unlabeled GRR (lanes 2 and 5) or GAS (lanes 3 and

cytokines to determine whether they might
modulate IFN-y-induced FcyRI RNA. Incu-
bation of cells with IL-3 or GM-CSF before
IFN-y treatment resulted in marked inhibi-
tion of FcyRI RNA induction (Fig. 2C).

(A) Presence of p91 in extracts
prepared from monocytes treated
with IFN-y or IL-10. Extracts pre-
pared from monocytes or basophils
treated with IFN-y (lanes 1 to 3),
GM-CSF (lanes 4 to 6), IL-3 (lanes 7
and 8), IL-10 (lanes 9 and 10), or
IL-5 (lanes 11 and 12) were incu-
bated for 1 hour at 4°C either with
antiserum to the 39 COOH-terminal
amino acids unique to p91 (3)
(lanes 2, 5, 8, 10, 12, and 14) or
antiserum to the 113-kD protein of
ISGF-3 (lanes 3, 6, and 15). After
incubation with the antisera (diluted
1:100), EMSAs were done with the
GRR probe. To demonstrate the
specificity of the antisera, we also
incubated a nuclear extract pre- B
pared from IFN-a—treated human
diploid fibroblasts with the antibody
(lanes 13 to 15). These extracts
were then assayed for ISGF-3 for-
mation with a 32P-labeled oligo-
nucleotide corresponding to the
IFN-stimulated response element
(ISRE) of the ISG15 gene (17). (B)
IFN-y— and IL-10-induced expres-
sion of the FcyRl RNA. Monocytes
were incubated without or with the
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indicated cytokines for 1 hour. Total RNA was extracted and hybridized with 32P antisense RNA
probes corresponding to FcyRI and to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (an
internal control) as described (7). The protected bands corresponding to FcyRI and GAPDH RNAs
are indicated in the figure. Lane 1, control; lane 2, IFN-v; lane 3, GM-CSF; lane 4, IL-3; and lane 5,
IL-10. (C) IL-3 and GMCSF inhibit IFN-y—induced FcyRl RNA expression. Monocytes were
untreated (lane 1), treated with IFN-y alone for 1 hour (lane 2), or treated with either GMCSF (lane
3) or IL-3 (lane 4) for 30 min before the addition of IFN-y for 1 hour. Total RNA was prepared and
analyzed for FcyRl and GAPDH RNA by ribonuclease protection assay.
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Assembly of the IFN-activated tran-
scription complexes FcRFy, ISGF-3, and
GAF requires tyrosine phosphorylation and
can be specifically disrupted by treatment
with protein tyrosine phosphatase (PTPase)
(4, 6, 11, 12). Similar experiments were
done to determine whether tyrosine phos-
phorylation was required for DNA binding
by the complexes activated by IL-3, IL-5,
IL-10, and GM-CSF. Whole cell extracts
were incubated either without (at 4°C) or
with the addition of purified recombinant
PTPase from Yersinia enterocolitica, in the
presence or absence of the PTPase inhibitor
orthovanadate at 30°C for 30 min. Samples
were then assayed for the presence of GRR
binding complexes (Fig. 3). The integrity
of each complex was sensitive to PTPase
regardless of the inducing cytokine. Vana-
date inhibited the effects of the PTPase,
confirming the specificity of the phospha-
tase toward tyrosine (Fig. 3).

To further define which proteins within
the DNA binding complexes were selec-
tively tyrosine-phosphorylated in response
to cytokine treatment, we incubated mono-
cytes with [>2PJorthophosphate for 3 hours
and then with either IFN-y, GM-CSF,
IL-3, or IL-10 for 15 min. Whole cell
extracts were then prepared, and proteins
were precipitated either with anti-p91 (Fig.
4A) or agarose beads coupled to the GRR
oligonucleotide. Only extracts from mono-
cytes treated with IFN-y or IL-10 contained
32p-labeled p91 (Fig. 4A) (p91 migrates
with an apparent molecular size of 97 kD
when it is phosphorylated). A protein of 84
kD (the nature of which has not been
defined) immunoprecipitated with anti-

IFN—y
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PTP -
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Fig. 3. Effect of PTPase on the assembly of the
GRR binding complexes. Extracts prepared
from monocytes were incubated (4°C) without
(lanes 1, 4, 7, 10, and 13) or with purified
recombinant PTP (1 ng) at 30°C for 30 min
alone (lanes 2, 5, 8, 11, and 14) or in the
presence of 1 mM orthovanadate (lanes 3, 6, 9,
12, and 15). The reaction mixtures were then
assayed for the presence of GRR binding com-
plexes.
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p91. Extracts from 32P-labeled monocytes
treated with IFN-y, IL-3, or GM-CSF were
incubated with the GRR-agarose beads.
Affinity-purified 32P-labeled proteins were
then resolved by SDS—polyacrylamide gel
electrophoresis (SDS-PAGE) as shown in
Fig. 4A. IL-3 and GM-CSF induced asso-
ciation of a phosphorylated protein of 80
kD with the GRR-agarose beads, whereas
phosphorylated p91 was present only in
extracts prepared from cells treated with
IFN-y. Occasionally, a less prominent
phosphorylated band of 97 kD was detected
in extracts of cells treated with GM-CSF or
IL-3 (Fig. 4C). Labeling of monocytes with

Fig. 4. Cytokine-activated ty-

[>*Slmethionine and [>*S|cysteine revealed
that treatment with the same cytokines
induced the binding of labeled proteins to
the GRR of the same molecular sizes as
those shown to be phosphorylated in this
experiment (7).

For confirmation that the IFN-y— or
IL-10-induced phosphorylation of p91 was
on tyrosine, immunoprecipitates from IFN-
y— or IL-10-treated monocytes were re-
solved by SDS-PAGE, transferred to Immo-
bilon membranes, and then probed with
antibody to phosphotyrosine (Fig. 4B).
Treatment of monocytes with either IFN-y—
or IL-10-induced tyrosine phosphorylation

anti-p91

rosine phosphorylation of GRR
binding proteins. (A) *2P-la-
beled proteins from mono-
cytes treated with IFN-y, IL-3,
IL-10, and GM-CSF precipitat-
ed with anti-p91 or agarose—
GRR beads. Monocytes (5 x
107 in 0.5 ml) were incubated
in phosphate-free Dulbecco's
modified Eagle’s medium in
the presence of 32P-ortho-
phosphate (500 pCi/ml) for 3
hours at 37°C. Cells were un-
treated (lane 1) or treated with
IFN-y (lane 2), GM-CSF (lane
3), IL-3 (lane 4), or IL-10 (lane
5) for 15 min before prepara-
tion of cell extracts. Extracts
were then incubated for 16
hours at 4°C with 5 pl of anti- i
p91 (lanes 1 to 5) before the ki
addition of protein G-Sepha-
rose beads (75 pl). Beads
were washed five times with
extraction buffer and then
boiled in SDS sample buffer,
and proteins were resolved by
SDS-PAGE (8% gels). Gels
were immediately dried or pro-
teins were transferred to Im-
mobilon and subjected to au-
toradiography. Alternatively,

o’
=
o
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97 \p91)

the extracts were incubated at 4°C with 100 ul of
GRR-agarose (lanes 6 to 9). The beads were washed
five times with extraction buffer. Proteins were released
in SDS sample buffer and resolved by SDS-PAGE. (B)
Tyrosine phosphorylation of p91 in response to IFN-y
and IL-10. Extracts prepared from IFN-y— and IL-10—
(30 min, 37°C) treated monocytes were immunoprecip-
itated with anti-p91. The immunoprecipitates were re-
solved by SDS-PAGE (8% gel), transferred to Immo-
bilon, and probed with antibody to phosphotyrosine
(PY20, ICN). Phosphoproteins were detected by en-
hanced chemiluminescence (Amersham). Lane 1, con-
trol; lane 2, IFN-y; lane 3, IL-10. (C) Analysis of the

IFN-y

IL-10

GM-CSF
IL-3
IL-10

CTL
GM-CSF
IL-3
MWM
GM-CSF
L3

tyrosine-phosphorylated proteins bound to the GRR

after IL-3 or GM-CSF treatment of monocytes. #2P-labeled monocytes were either untreated (lane 1)
or incubated with either GM-CSF (lane 2) or IL-3 (lane 3) for 15 min at 37°C. Extracts were then
incubated with GRR-agarose for 1 hour at 4°C. Bound phosphoproteins were resolved by
SDS-PAGE (8%) and transferred to Immobilon as described above. After exposure (24 hours) of the
blot (lanes 1 to 5), it was divided in half. One part was incubated with Y. enterocolitica PTPase (1
pg/ml) plus 1 mM orthovanadate for 1 hour at 37°C (lanes 1a to 3a), and the other part was
incubated with PTPase alone (lanes 4a and 5a). The blots were then reexposed.
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of p91. However, the IL-10 immunoprecip-
itate also contained a tyrosine phosphory-
lated protein of 91 kD. This protein did not
react with an antibody that recognized both
p91 and its 84-kD spliced variant (7).

32P_labeled phosphoproteins bound to
GRR-agarose were visualized by autoradiog-
raphy and then incubated with Y. enteroco-
litica PTPase (Fig. 4C) in the absence or
presence of orthovanadate. Yersinia PTPase
selectively hydrolyzed the 3?P-labeled IL-3—
and GM-CSF-induced 80-kD phosphopro-
tein, whereas incubation of identical sam-
ples in the presence of the PTPase and
orthovanadate had no effect. A weaker
band of 97 kD was also sensitive to PTPase
treatment. These results indicated that the
proteins that associated with the GRR were
tyrosine phosphorylated as a result of treat-
ment with either IL-3 or GM-CSF.

Although it seems likely that IL-3, IL-5,
IL-10, or GM-CSF induce the expression of
sets of early response genes that are respon-
sible for their biological actions, no well-
defined enhancers have been identified in
the promoters of cellular genes that are
rapidly activated by these cytokines. IL-10
and IFN-y activated the formation of a
GRR binding complex that contained p91.
The presence of p91 in these complexes
appears to be important for the ultimate
expression of the FcyRI gene, because only
IFN-y and IL-10 treatment resulted in in-
creased expression of the RNA. The com-
plexes activated by IL-3, IL-5, and GM-
CSF do not contain either p91 or the
113-kD protein of ISGF-3 (13-15), but
rather a prominent phosphoprotein of 80
kD. It appears that at least by their relative
migration in SDS-PAGE, none of these
proteins are identical to the 84-kD compo-
nent of ISGF-3 that lacks the COOH-
terminal 39 amino acids of p91 (15). The
assembly of these phosphoproteins into
DNA binding complexes appears to be a
general mechanism by which growth factors
can modulate gene expression through ac-
tivation of putative transcription factors by
tyrosine phosphorylation.
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Induction by EGF and Interferon-y of Tyrosine
Phosphorylated DNA Binding Proteins
in Mouse Liver Nuclei

Susan Ruff-Jamison, Katherine Chen, Stanley Cohen*

Intraperitoneal injection of epidermal growth factor (EGF) into mice resulted in the ap-
pearance in liver nuclei of three tyrosine phosphorylated proteins (84, 91, and 92 kilo-
daltons) within minutes after administration of EGF. Administration of interferon-y (IFN-v)
resulted in the appearance in liver nuclei of two tyrosine phosphorylated proteins (84 and
91 kilodaltons). The 84- and 91-kilodalton proteins detected after either EGF or IFN-y
administration were identified as the IFN-vy activation factors (GAF). Furthermore, gel shift
analysis revealed that these GAF proteins, detected after either EGF or IFN-y adminis-
tration, specifically bound to the sis-inducible element of the c-fos promoter. Thus, GAF
proteins participate in nuclear signaling in both IFN-y and EGF pathways.

Epidermal growth factor elicits a wide range
of physiological responses from a variety of
cell types (I-3). All of these responses are
believed to be mediated by the membrane-
spanning receptor for EGF (EGFR). Ligand
binding by the EGFR activates its intrinsic
tyrosine kinase activity and results in many
cellular alterations, including the generation
of signals that activate transcription (4—6)
and the tyrosine phosphorylation of cyto-
plasmic proteins (7-10). We have previously
reported that the injection of EGF into mice
leads to increased tyrosine phosphorylation
of a number of proteins in all organs exam-
ined (11, 12).

To detect signaling proteins that might
be involved in transcriptional regulation,
we isolated liver nuclei and examined them
for the presence of tyrosine phosphorylated
proteins before and after the administration
of EGF (Fig. 1A). A tyrosine phosphorylat-
ed protein of approximately 92 kD was
readily apparent in nuclei 6 and 20 min
after the administration of EGF. The extent
of tyrosine phosphorylation of the 92-kD
protein was diminished by 60 min and was
detectable only in trace amounts in nuclei
from control mice. The 92-kD protein
could not be extracted from nuclei with
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1.0% Triton X-100, indicating that the
protein was inside the nucleus and not a
cytoplasmic contaminant or a protein asso-
ciated with the outer nuclear membrane
(13). However, more than 90% of this
protein could be extracted with 0.2 M NaCl
(Fig. 1B). Because the 0.2 M NaCl extrac-
tion procedure partially purified the 92-kD
protein from the nucleus, the material ex-
tracted in this way was used in all subsequent
protein characterizations. EGF also induced
the appearance of a cytoplasmic 92-kD tyro-
sine phosphorylated protein (13).
Treatment of responsive cells with inter-
feron-a (IFN-a) induces the formation of a
tyrosine phosphorylated complex consisting
of three protein subunits (IFN-stimulated
gene factor-3a, ISGF-3a) that is translo-
cated into the nucleus and forms, with the
addition of a fourth subunit (ISGF-3v), a
DNA binding complex specific for the IFN-
stimulated response element (ISRE) present
in promoters of IFN-a-responsive genes
(14-18). Two of the components of the
ISGF-3a complex are a 91-kD protein and
an 84-kD protein, the latter being identical
to the 91-kD species but lacking the
COOH-terminal 36 amino acids. Treat-
ment of responsive cells with IFN-y induces
the tyrosine phosphorylation of an IFN-y
activation factor (GAF), a DNA binding
protein that binds to a sequence (IFN-y
activation site, GAS) required for the tran-
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